Atovaquone is a substituted hydroxynaphthoquinone that is widely used to prevent and clear Plasmodium falciparum malaria and Pneumocystis jirovecii pneumonia. Atovaquone inhibits respiration in target organisms by specifically binding to the ubiquinol oxidation site at center P of the cytochrome bc 1 complex. The failure of atovaquone treatment and mortality of patients with malaria and P. jirovecii pneumonia has been linked to the appearance of mutations in the cytochrome b gene. To better understand the molecular basis of atovaquone resistance, we have introduced seven of the mutations from atovaquone-resistant P. jirovecii into the cytochrome b gene of Saccharomyces cerevisiae and thus obtained cytochrome bc 1 complexes resistant to inhibition by atovaquone. In these enzymes, the IC 50 for atovaquone increases from 25 nM for the enzyme from wild-type yeast to >500 nM for some of the mutated enzymes. Modeling of the changes in cytochrome b structure and atovaquone binding with the mutated bc 1 complexes provides the first quantitative explanation for the molecular basis of atovaquone resistance.
Pneumocystis jirovecii
1 pneumonia is the most serious and prevalent AIDS-associated opportunistic infection, and it is also the causative agent of P. jirovecii pneumonia in other immunocompromised patients, such as those undergoing therapy for cancer and organ transplantation. The intrapulmonary forms of this airborne fungal organism multiply extracellularly and fill the lung alveoli, leading to reduced gas exchange and blood oxygenation (1) .
Atovaquone, a substituted hydroxynaphthoquinone (2, 3) was first used therapeutically as an anti-protozoal compound that has broad spectrum activity against apicomplexan parasites (4 -6) and later was also shown to prevent and clear P. jirovecii pneumonia (7, 8) . Atovaquone is now widely used as an important "second-line" therapy for prophylaxis and treatment of moderate cases of Pneumocystis infections (9, 10) .
In recent years, spontaneously arising mutations that confer atovaquone resistance have resulted in the failure of atovaquone treatment and mortality of patients with P. jirovecii pneumonia. Consequently, a multi-center study was conducted to determine the reasons for the failure of this therapeutic agent (11, 12) . Atovaquone has been shown to be a potent and specific inhibitor of the cytochrome bc 1 complex (13, 14) , an essential respiratory enzyme present in the inner mitochondrial membrane. It appeared that mutations in the cytochrome b subunit of the cytochrome bc 1 complex of P. jirovecii were the cause of resistance to the drug. The relatively high frequency of spontaneously arising mutations that confer atovaquone resistance may be because the cytochrome b gene is located in the mitochondria where mutation rates are usually higher than in the nucleus due to the multi-copy nature of the mitochondrial genome.
The similarities of P. jirovecii to ascomycete fungi and the lack of an in vitro culture system for P. jirovecii suggest that Saccharomyces cerevisiae may be a useful organism in which to model the molecular basis of atovaquone resistance in P. jirovecii (15) (16) (17) (18) . There is a high degree of sequence identity in the regions of cytochrome b involved in atovaquone binding in the two fungal species, and the yeast is amenable to transformation of the mitochondrial genome (19 -21) . In addition, the cytochrome bc 1 complex of S. cerevisiae can be purified and its crystal structure is available (22) . Thus, we characterized the interaction of atovaquone with the yeast bc 1 complex and developed a model of atovaquone binding to the ubiquinol oxidation pocket that accounts for the effects of this competitive inhibitor on the isolated enzyme (14) .
We also recently developed a S. cerevisiae strain that is sensitive to atovaquone by deleting the genes for plasma membrane transporters that are otherwise responsible for efflux of the drug (23) . Cytochrome b mutations associated with atovaquone resistance in P. jirovecii were then transferred into the atovaquone-sensitive S. cerevisiae by transformation of the mitochondrial genome. The resulting mutated yeast strains were atovaquone-resistant, and the cytochrome c reductase activities of the mitochondrial membranes exhibited significantly reduced sensitivity toward the drug (23) . In this study, we have isolated the cytochrome bc 1 complexes from atovaquone-resistant yeast mutants and characterized the kinetic properties of the mutated enzymes and the interaction of the enzymes with atovaquone. We have also modeled the structural changes associated with the mutations in silico to describe the molecular basis of atovaquone resistance.
EXPERIMENTAL PROCEDURES
Materials-Yeast extract and peptone were from Difco. Nitrogen base without amino acids but with ammonium sulfate was from U. S.
Biological. Dodecylmaltoside was obtained from Roche Applied Science. DEAE-Biogel A was obtained from Bio-Rad. Diisopropylfluorophosphate, decyl ubiquinone, and dithionite were purchased from Sigma. Stigmatellin was purchased from Fluka Biochemica. Atovaquone was a gift from GlaxoSmithKline.
Purification of and Assay of Cytochrome bc 1 Complexes-The cytochrome b mutations were introduced into the mitochondrial cytochrome b gene by biolistic transformation as described elsewhere (23) . Wildtype and mutated yeast strains were grown in yeast extract/peptone/ dextrose medium and harvested by centrifugation. Cytochrome bc 1 complexes were then isolated from the yeast mitochondrial membranes as described previously (24, 25) and concentrated by centrifugal filtration using Amicon® Centriprep YM-30 filtration tubes. Ubiquinol-cytochrome c reductase activities of the purified cytochrome bc 1 complexes were measured as described previously (14) .
Western Blot Analysis of Cytochrome bc 1 Complexes-The Western blot analysis was performed using 2 pmol of purified cytochrome bc 1 complexes from wild-type and mutated strains. The proteins were resolved in a 15% SDS-PAGE gel and transferred to a nitrocellulose membrane using a Bio-Rad Mini-PROTEAN® II apparatus. The membranes were probed for iron-sulfur protein and cytochrome c 1 using monoclonal antibodies to the yeast proteins (26) . The relative amounts of iron-sulfur protein and cytochrome c 1 were determined by scanning the Western blot and densitometry quantification using the NIH Image software (rsb.info.nih.gov/nih-image/).
Molecular Modeling-Molecular modeling was carried out on a Silicon Graphics O 2 work station using the commercially available Insight II® software package (Acclerys Inc., San Diego). The starting structure was the dimeric cytochrome bc 1 complex from S. cerevisiae as determined by x-ray crystallography to a resolution of 2.3 Å (Protein Data Bank code 1EZV) (22) . Modeling was focused on two subunits, cytochrome b and the Rieske iron-sulfur protein, along with buried water molecules. The six P. jirovecii cytochrome b mutations that conferred atovaquone resistance in yeast were built into the previously modeled atovaquone-bound center P site (14) using the Biopolymer® module. Prior to molecular dynamics and energy minimization, the manual rotamer function was used to select the most plausible starting conformation for each residue. All of the modeling was done using the CFF91 force-field and a central flexible subset of amino acid residues surrounded by a 9.5-Å shell of fixed residues including atovaquone. The most distant residues were excluded from calculation in the interest of speed.
The mutations were divided into three modeling groups based on their proximity to atovaquone. The I147V, L150F, and L275F mutations were grouped together because of their direct interaction with atovaquone in the center P binding site. The flexible subsets for mutations L150F and L275F were defined by a 2.0-Å radius from the mutated residue to allow the pocket to accommodate the larger side chains. The flexible subset for mutation I147V consisted only of the mutated residue, because the mutation decreased the volume of the side chain. This minimal flexibility allowed evaluation of the energy cost that each mutation has on atovaquone binding. Using the same procedure as was used for the modeling of atovaquone into the wild-type structure (14) , four simulated annealing runs were carried out on each mutant structure.
The T148I and S152A mutations were grouped together because of their locations in the cd1 helix facing away from the atovaquone binding pocket. The size of the flexible subsets was too great for effective simulated annealing modeling, so both mutations were modeled by molecular dynamics to equilibrium. The flexible subset consisted of the cd1 helix and its flanking loop regions. In the T148I model, a restraint was set up between Ser-152 and Lys-288 of cytochrome b to simulate the hydrogen bond connecting the ends of the cd1 and F1 helices. No restraint was used in the S152A model, because the mutation itself disrupted the hydrogen bond. The simulation temperature was kept constant at 800 K. Each simulation began with 5000 fentoseconds of equilibration using a 1.0-fentoseconds/iteration time step and the velocity scaling temperature control method. Molecular dynamics simulation was continued for an additional 50 picoseconds using a 0.5-fentoseconds/iteration time step and the more accurate Nosé temperature control method. Successful equilibration was judged by plotting both the running and batch averages for the total energy versus time. Equilibrium was reached when the batch-average energies oscillated smoothly around the constant running-average energy. Upon reaching equilibrium, the lowest energy structure from each run was selected for a full minimization using the same procedure as for the modeling of atovaquone in the wild-type structure.
The P266L mutation was modeled individually because of its unique location in the ef loop outside the inner shell of residues that coordinate the bound atovaquone. In the first set of runs, the flexible subset consisted of ef loop residues 264 -272, nearby Met-139, and adjacent water molecules. This subset was chosen to allow any changes in backbone and side-chain conformations in the P266L mutant to propagate into the atovaquone binding pocket. In contrast to the other five mutant models, atovaquone and the iron-sulfur protein were excluded from simulation. This was done to model the position of the ef loop of cytochrome b before the binding of atovaquone, at which point the iron-sulfur protein has moved away from the binding pocket into its c 1 position. Several annealed dynamics runs were carried out on the unliganded P266L mutant structure and an unliganded wild-type control structure. The minimized results indicated that the P266L mutant endowed the ef loop with greater flexibility, allowing Ile-269 to move down into the binding pocket. Atovaquone and the iron-sulfur protein were reintroduced into the P266L and wild-type control models. In the final set of annealed dynamics runs, atovaquone and the iron-sulfur protein were fixed just as they were for the other five mutations. The flexible subset was focused to include only those residues from the first runs that came into direct contact with atovaquone.
To estimate the energy cost of binding atovaquone, we calculated the energy of each mutant structure with atovaquone bound and compared that to the energy of the wild-type enzyme with atovaquone bound. The structure of the atovaquone binding pocket in each of the atovaquoneresistant mutant models was optimized using a unique subset of flexible residues based on the location and nature of the mutation. In contrast, to facilitate comparison of changes in binding energy, the energy calculation used a common subset that included atovaquone, the residue His-181 from the iron-sulfur protein, cytochrome b residues within 4.0 Å of the inhibitor, and cytochrome b residues within 4.0 Å of the residue Glu-272 of cytochrome b. This calculated energy contained non-bonding interactions (van der Waals and electrostatic) and internal conformational energies of atovaquone and adjacent pocket residues.
RESULTS

Location of Cytochrome b Mutations in the Center P Ubiquinol Oxidation Pocket-
The overall sequence identity of the cytochrome b subunits of the S. cerevisiae and P. jirovecii cytochrome bc 1 complexes is ϳ60%. In the regions of cytochrome b between amino acid residues 117-155 and 251-300 corresponding to the segments of the protein around the ubiquinol oxidation pocket where the resistance mutations occur in the P. jirovecii protein, the two cytochrome b sequences are 73% identical as shown in Fig. 1 .
The structure of the ubiquinol oxidation site at center P with atovaquone bound with the location of the amino acid resides that are affected in the atovaquone-resistant cytochrome b mutants is shown in Fig. 2 . In this modeled structure, the hydroxyl group of the hydroxynaphthoquinone binds via a hydrogen bond to a imidazole nitrogen of His-181 of the Rieske protein (14) . On the opposite side of the ring system, the carbonyl group at position 4 on the quinone ring interacts via a water molecule with Glu-272 of cytochrome b. This structure accounts for the effects of atovaquone on the Rieske iron-sulfur protein and is also consistent with the crystal structure of the yeast bc 1 complex with another hydroxyquinone bound in the center P pocket (27) .
As described below, the six P. jirovecii cytochrome b mutations showing atovaquone resistance were built into this previously modeled ubiquinol oxidation site at center P to analyze the structural changes resulting from the mutations. These six mutations are I147V, T148I, L150F, S152A, P266L, and L275F. Three of the amino acid residues (Ile-147, Leu-150, and Leu-275) that are mutated in the P. jirovecii cytochrome b interact directly with atovaquone in the modeled structure as shown in Fig. 2 . Two of the affected residues, Ser-152 and Thr-148, are in the cd1 helix facing away from the atovaquone binding pocket. One residue, Pro-266, is in the ef loop outside the inner shell of residues that coordinates the bound atovaquone. 1 Complexes-We introduced seven mutations that have been linked to atovaquone resistance in P. jirovecii into the yeast cytochrome b gene (23) . Ubiquinol-cytochrome c reductase activities were measured in both mitochondrial membranes and the purified enzymes from each mutant and are summarized in Table I and Fig. 3 . The activities of the bc 1 complexes from most of the mutated strains increased by varying amounts relative to that in the membranes during purification of the enzymes. A similar increase during purification is seen with the enzyme from wild-type yeast and from bovine heart mitochondria (25) . These increases in activity occur when the enzyme is dispersed from the membrane with detergent, which presumably results in better substrate accessibility to the enzyme. For this reason, we feel that measurements of activity and related kinetic parameters are more reliably represented with the purified enzymes.
Effect of Cytochrome b Mutations on Activities of the Cytochrome bc
The exception to the increased activity during purification was in our attempt to purify the bc 1 complex from the T127I mutant strain in which case there was a 60% decrease in activity of the purified bc 1 complex compared with the enzyme in the membranes (Table I and Fig. 3) . Loss of iron-sulfur protein and/or damage to cytochrome b is the most common form of damage to the cytochrome bc 1 complex during purification. Thus, we thus analyzed the purified enzymes by Western blots and optical absorption spectroscopy of the bc 1 complexes from these strains. The Western blots (Fig. 4) and absorption spectra (data not shown) revealed that, with the exception of T127I, the mutations and the purification procedures neither affected the iron-sulfur protein subunit stoichiometry nor the heme composition of the bc 1 complexes. The Western blots showed that the loss of activity during purification of the bc 1 complex from the T127I mutant could be attributed to loss of iron-sulfur protein (Fig. 4) . Because of the extensive loss of activity during purification of this bc 1 complex and because the T127I mutant did not exhibit resistance to atovaquone (23), the enzyme from this mutant was not further characterized.
Effect of Cytochrome b Mutations on Inhibition of the bc 1 Complex by Atovaquone-Ubiquinol-cytochrome c reductase activities of the bc 1 complexes from the wild-type and atova- 
quone-resistant yeast strains were measured in the presence of increasing concentrations of atovaquone to test whether sensitivity of the enzymes to the bc 1 inhibitor was altered by the cytochrome b mutations. Similar measurements were made with stigmatellin, another inhibitor that binds to the ubiquinol oxidation pocket at center P.
We previously showed that atovaquone is a competitive inhibitor of the bc 1 complex (14) , and as shown in Fig. 5 , it inhibits the activity of the bc 1 complex from wild-type yeast with an IC 50 of ϳ25 nM. The cytochrome b mutations that confer atovaquone resistance to the yeast mutants alter the IC 50 for inhibition of the bc 1 complex by varying amounts. The T148I mutation has the smallest effect, and it increases the IC 50 ϳ2-fold to 60 nM. Interestingly, this mutation seems to impact on the yeast bc 1 complex assembly because it caused a 30% decrease in cytochrome b content as estimated from optical spectra of whole cells (23) . The I147V, L150F, and P266L mutations increase the IC 50 for inhibition of the bc 1 complex to 150 -300 nM. The L275F and S152A mutations increase the IC 50 to 500 -800 nM. This result corresponds to a 20-fold increase over that of the wild-type enzyme.
The cytochrome b mutations had little or no effect on inhibition of the enzyme by stigmatellin. Interestingly, the T148I mutation, which had the smallest effect on inhibition of the enzyme by atovaquone, caused the largest change in IC 50 for inhibition by stigmatellin. This lack of cross-resistance is discussed in more detail below.
Because atovaquone is a competitive inhibitor of the bc 1 complex, we also examined how the resistance mutations affected the interaction of the substrate with the enzyme. As can be seen in Table I , two of the mutations, T148I and L275F, had no significant effect on activity or K m for ubiquinol oxidation. There was a modest decrease in K m for ubiquinol oxidation in enzymes from two of the resistant mutants, I147V and P266L, and there was also a significant drop in activity of the enzymes from these two mutants. The L150F and S152A mutations caused the ubiquinol-cytochrome c reductase activities of the isolated bc 1 complexes to drop to 5-10% of the activity of the enzyme from wild-type yeast. These activities were too low to permit accurate evaluation of the kinetic parameters for ubiquinol oxidation by the purified enzymes from these strains.
Molecular Modeling of Structural Changes in Cytochrome b Caused by Mutations Conferring Resistance to Atovaquone-
The six P. jirovecii cytochrome b mutations showing atovaquone resistance were built into the previously modeled atovaquone-bound center P site (14) , and the structural changes resulting from the mutations were modeled in silico. The mutations were divided into three groups based on their proximity to atovaquone. The I147V, L275F, and L150F mutations shown in Fig. 6 , panels A-C, were grouped together because of their direct interaction with atovaquone in the center P binding site. The modeling of the L275F (Fig. 6B) and L150F (Fig. 6C ) mutations indicates that they increase the steric volume in the atovaquone binding pocket, which would interfere with binding of the inhibitor. Interestingly, the I147V (Fig. 6A ) mutation decreases van der Waals and electrostatic interactions between the atovaquone and residues in the binding pocket, which would increase the binding energy.
The T148I and S152A mutations shown in Fig. 7 , A and B, were grouped together because of their locations in the cd1 helix facing away from the atovaquone binding pocket. In these mutants, the resistance appeared to be attributed to loss of a hydrogen bond between a residue positioned on the side of the cd1 helix (Ser-152 or Thr-148) and an anchor residue (Lys-288 on helix F1 or Trp-166 on helix cd2). These disruptions caused significant changes in the structure and stability of the cd1 helix. Consequently, the hydrophobic residues facing the binding pocket, especially Val-146 and Ile-147 on the cd1 helix, displayed a change from their original positions resulting in a reduction of the affinity of the inhibitor. This effect was more important in the S152A mutation than in the T148I mutation, both in terms of resistance and activity.
The P266L mutation shown in Fig. 6D was modeled individually because of its unique location in the ef loop, outside the inner shell of residues that coordinate the bound atovaquone. The resulting model revealed that the P266L mutation caused a significant change in the geometry of the ef loop. Consequently, Ile-269 moved into the atovaquone binding pocket, which would cause a reduction in binding affinity. 
Calculation of Changes in Atovaquone Binding Energy Resulting from Mutations in Cytochrome b-
To test how well the molecular modeling predicted the structural changes in the atovaquone binding pocket, we calculated the energy required for binding atovaquone with each of the modeled structures. We then compared the calculated changes in binding energy with the experimentally measured changes in IC 50 values. The changes in atovaquone binding energy with the bc 1 complexes from the mutants relative to the binding energy obtained for the wild-type enzyme and the change in IC 50 values for the mutant enzymes compared with the wild-type enzyme are shown in Fig. 8 . The relative increase in calculated binding energy correlates well with the relative increase in IC 50 for the bc 1 complex from each of the mutants, with the exception of the S152A mutant. This mutation caused the largest change in IC 50 , but the calculated increase in binding energy was not the largest. This discrepancy can be attributed to the fact that the S152A mutation is distal to the atovaquone binding pocket, and there is thus more uncertainly associated with the molecular modeling of the structural change associated with this mutation. DISCUSSION We have used the yeast cytochrome bc 1 complex as a surrogate to understand the molecular basis of atovaquone interaction with the analogous enzyme of P. jirovecii, a fungal pathogen. The yeast enzyme is amenable to modification by sitedirected mutagenesis, a high resolution crystal structure of the yeast enzyme is available (22) , and the enzyme can be isolated for biochemical and biophysical characterization. We have thus elucidated the mechanism of atovaquone inhibition of the yeast bc 1 complex and developed a molecular model of atovaquone interaction that accounts for the effects of the inhibitor on the isolated enzyme and also accounts for the differential efficacy of inhibition of the fungal versus mammalian enzymes (14) . The interaction of atovaquone with the yeast bc 1 complex is very similar to the interaction of another hydroxyquinone inhibitor with the enzyme for which a crystal structure is available (27) Notably, the hydroxyl group of the hydroxynaphthoquinone binds via a hydrogen bond to the nitrogen of His-181 of the Rieske protein. On the opposite side of the ring system, the carbonyl group at position 4 of the quinone ring of atovaquone interacts via a water molecule with Glu-272 of cytochrome b. The rest of the molecular interaction is essentially hydrophobic with a network of aromatic and aliphatic side chains surrounding the inhibitor and constituted by the regions 117-155 and 251-300 of the yeast cytochrome b.
In this study, we have characterized cytochrome bc 1 complexes with mutations in cytochrome b that confer resistance to atovaquone in yeast and in P. jirovecii. All of the mutations were localized around the ubiquinol binding site (Fig. 2) . Some of the affected amino acids extend directly into the atovaquone binding pocket, whereas others affect the pocket indirectly. One of the mutant alleles, L275F, is naturally occurring in mammals and is primarily responsible for the differential efficacy of the therapeutic in the fungus versus the mammalian host (14) . Thus, this is an interesting example of a pathogen acquiring protective resistance by mimicking its human host.
In the cases where the mutated residues interacted directly with atovaquone (I147V, L150F, and L275F), the molecular modeling strategies were straightforward, focusing only on the region in close proximity to the binding site. The leucine to phenylalanine substitutions (L150F and L275F) created an increase in steric volume in the atovaquone binding pocket, which reduces the affinity for the inhibitor. Interestingly, in another mutation found near the binding site, I147V, the resistance is generated by a decrease of non-bonding interactions between atovaquone and the binding pocket when changing from isoleucine to valine. This was confirmed by a separate calculation of the contribution of the hydrophobic terms to the binding energy (data not shown). For these mutations that impacted directly on the atovaquone binding pocket, there was relatively good agreement between theoretically calculated changes in binding energy and the experimentally measured changes in IC 50 values. For the distal mutations (T148I, S152A, and P266L), molecular modeling necessitated inclusion of a larger area around the binding site. Because Thr-148 and Ser-152 were both located on the side of the cd1 helix opposite the pocket, direct interactions could not account for changes in atovaquone affinity. In these cases, the resistance appeared to be generated by the loss of a hydrogen bond between a residue positioned on the side of the cd1 helix and an anchor residue on helix F1 or helix cd2. Molecular modeling showed that such disruptions caused significant changes in the structure and stability of the cd1 helix. Consequently, hydrophobic residues on the cd1 helix facing the binding pocket and interacting with the atovaquone changed position, resulting in a reduction of the affinity of the inhibitor. For the S152A mutation, the calculated change in binding energy was significantly less than the measured change in IC 50 value. This difference suggests that this mutation caused an even greater change in the binding pocket than was predicted by the molecular modeling.
The P266L mutation necessitated a different setup for computer modeling because of the distance between this residue and the atovaquone. Pro-266 is located in the ef loop, which is part of the iron-sulfur protein-docking crevice. Mutations on this segment of the cytochrome b have been reported to interfere with docking of the iron-sulfur protein (28) . To be able to simulate a change in the configuration in this area, the ironsulfur protein was removed from the model to allow the ef loop to move freely. This setting simulated the bc 1 complex with the iron-sulfur protein in the distal position. The resulting computerized model revealed that the P266L mutation caused a significant change in the geometry of the ef loop. Consequently, the mutant Leu-266 residue induced a shift in residue Ile-269 toward the atovaquone binding pocket, causing a reduction in binding affinity. For this mutant also, the calculated change in binding energy increased by approximately the same amount as the measured change in IC 50 .
Most of the cytochrome b mutations that increased the IC 50 values for atovaquone inhibition of the bc 1 complex did not noticeably effect the inhibition by stigmatellin. However, because the K i for stigmatellin with the yeast bc 1 complex is approximately equal to the concentration of enzyme in the cytochrome c reductase assay (29) , small changes in binding affinity would go undetected. The lack of cross-resistance to atovaquone and stigmatellin indicates that the amino acid residues that determine efficacy of binding are different for the two ligands. Much of the stigmatellin binding energy appears to derive from interaction of its long substituted alkenyl side chain with cytochrome b (22) , which agrees with the finding that slight alterations in this part of the ligand significantly decrease the binding affinity (30) . Most of the atovaquone mutations studied here impacted specifically the binding of the naphthoquinone ring system to the active site and are located far from the cytochrome b pocket where the stigmatellin side chain interacts (22) . Thus, it is not surprising that more extensive cross-inhibition between the two inhibitors was not observed. The I147V and T148I mutations, which had the least effect on atovaquone inhibition, had the largest effect on stigmatellin inhibition. Other mutations at positions 147 and 148 have been previously reported as conferring stigmatellin resistance in yeast (31) and in mouse (32) .
It is interesting to observe that multiple mutations around the binding site can all lead to atovaquone resistance while preserving a functional bc 1 complex. With the exception of one case (I147V) in which a loss in non-bonding interactions was observed, all of the other mutations used directly or indirectly the same mechanism to decrease the affinity for the drug by reducing the volume of the binding pocket. There are probably many other potential positions in the segment of cytochrome b between residues 117-155 and 255-300 that could confer atovaquone resistance through a similar mechanism. This may substantially increase the probability of the appearance of mutations that confer atovaquone resistance and may explain why they emerged so rapidly when the drug was used only as a monotherapy to prevent and cure P. falciparum (33) . In this organism also, the mutations conferring resistance surround the atovaquone binding pocket including M139I and G291D (34), L282F (35) , and Y279C (36) . In an attempt to overcome this problem, atovaquone is now used in a synergic combination with proguanil hydrochloride (Malarone®, GlaxoSmithKline) in the treatment of malaria (36) . 
